A suitable methodology to find the seismic floor response spectra (FRS) at a particular location of a structural system by a direct spectra-to-spectra method is presented in this work. This methodology was developed to obtain FRS inside the ITER Tokamak Complex building and the mechanical devices located in the building, as the Fusion Reactor Machine. Based on the well-established tools developed over the last decades in random vibration theory, the methodology developed totally in the frequency domain, has three main steps: First, the generation of a free-field acceleration PSD functions compatible with the Design Response Spectra; Second, the generation of the absolute acceleration PSD function at the locations of interest within the structure; Third, the determination of the FRS. To demonstrate the feasibility of the method, the FRS obtained at a different points of the Tokamak Complex are compared with the FRS obtained by means of the classical methods, based on time-histories of absolute acceleration obtained in time-domain. The comparison reveals a great accuracy of the proposed method.
INTRODUCTION
The design of in-structure components in NPP requires the determination of the seismic action on those points in which the components are going to be fixed. The usual way to represent the seismic action used in professional practice is by Floor Response Spectra (FRS) (Ali Reza, 2013) . Generally, the traditional way to obtain FRS is by means of a transient analysis, by computing the acceleration response and the response spectrum (Clough, 2003) of the structure in those points of interest. This method can be expensive, especially where a great number of points need to be assessed, as is the case of the ITER project (IAEA). Thus, to overcome this limitation, an alternative methodology based on a direct spectrum-to-spectra method (Gilbert, 1988; Paskalov, 2003) is proposed (Idom, 2010) . In general terms, the main concept behind direct spectrum-to-spectra methods is the treatment of the seismic excitation as a stochastic random process (Paskalov, 2003) . The seismic excitation can thus be represented, in a statistical sense by a Power Spectral Density (PSD) function. This PSD function defines the variance of the process and its frequency content. Transfer functions, defining the dynamic behaviour of the structure analysed, are used to obtain the expected absolute acceleration magnitudes at the locations of interest within the structure (Newland, 1993) . The input and the expected output are to be defined in terms of response spectra, according to standard practice in seismic engineering. The success of the method highly depends on the "peak factor" (Lalane 2002 ) concept, which is basically the ratio between the response spectrum and the root-mean-square (rms) value of this response (Gasparini, 1976) . The "peak factor" strongly depends on the signal duration and frequency content and plays a crucial role in floor spectra direct calculations Spanos, 2009 and 2012). In this paper (Idom, 2010) a suitable methodology to find seismic floor response spectra (FRS) at a particular location of a structural system is presented. This methodology that was successfully applied in the SIC Tokamak Complex building (ITER) is developed totally in the frequency domain and has three main steps: First, the generation of a the free-field acceleration PSD 23 rd
Conference on Structural Mechanics in Reactor Technology
Manchester, United Kingdom -August 10-14, 2015 Division III function compatible with the Design Response Spectra; second, the generation of the absolute acceleration PSD function at the locations of interest within the structure; and third, the determination of the FRS.
METHODOLOGY
The methodology proposed is schematically shown in Figure 1 . First, in
Step 1, the relationship between the response spectrum and the standard deviation of the response (acceleration) of a single-degree-offreedom (SDOF) oscillator subjected to the corresponding ground motion is given by the peak factor, see Eq.
(1).
In this equation Ss;p(Zn) represents the response spectral value (maximum absolute value for the response of a SDOF oscillator of frequency Zn, with probability p, during a strong motion of duration s). On the other hand, VSDOF(Zn,s) represents the standard deviation for the response of a SDOF oscillator of frequency Zn, during a strong motion of duration, s. The reason of the parameter s is due the seismic event is essentially transient in nature (Cacciola, 2010; Ashtari, 2013) . The proposed expression for the computation of the peak factor is given by Vanmarcke (1969 and 1976) : where p is the probability that the absolute value of the response does not exceed a predefined level during a strong motion of duration, s. For seismic analysis, p is usually set as 0.50. The parameters N and δ depend on the shape (spectral moments) of the PSD function that describes the response of a SDOF oscillator, are defined as,
where mn are the spectral moments of order n of the SDOF system response PSD function. As a general rule, the peak factor increases for higher number of local peaks and wider broad processes. Thus, both magnitudes, and specially N, depend on the signal duration. As starting point, an approximate expression for the parameters N and δ as derived by Der Kiureghian (1980 Kiureghian ( , 1981 (addressed by Cacciola, 2004 , and Spanos and Giaralis, 2013 from the observation of the response of SDOF oscillator to white noise input, can be used:
Second, the relationship between the PSD function of the SDOF system acceleration and the PSD function of the ground motion (which is the actual output of interest in this first step) is given by the transfer function of the SDOF oscillator, 2 , , H , ,
where H(Z,Zn,s) is the transfer function and G(Z) represents the ground motion PSD function, supposed stationary. Gasparini (1976) proposed to express the time-dependent transfer function as:
where Zn is the natural frequency of the oscillator; E =Z/Zn, ω is the frequency of the input and [s is a fictitious damping, which tends to [ (damping ratio) when sof. 0
Third, the variance of the SDOF system response (acceleration) can be obtained by integration (squared) of the PSD function of the SDOF system acceleration,
It is this integration of the PSD function of the ground motion times the transfer function of the SDOF system squared, what is to be used in order to obtain the PSD function of the ground motion, since In order to compute this integral for each SDOF system, the integration range in the frequency domain is split in two parts: 
The first term in Eq. (9) corresponds to a limited domain around the natural frequency of the SDOF system, Zn, in which the transfer function reaches a peak while the PSD function of the ground motion, provided it is smooth enough, can be considered to have a constant value, G(Zn). On the other hand, the second term corresponds to the low frequency range, in which the transfer function has a unit value.
Since it is the PSD function of the ground motion G(Z) what we are interested in, the expressions previously presented can be re-arranged into the following recursive formula that can be gradually solved for a discrete number of frequencies, Zn:
Since the contribution of the term corresponding to the frequency range in which the transfer function has unit value will be negligible for very low frequencies of the SDOF system, the integration scheme starts at the lowest frequency selected (n equal to zero), so that this contribution can then be readily set to zero for this first calculation frequency, without inducing any relevant errors. As n increases (this is, at any given frequency Zn for n greater than zero) this contribution is then gradually accounted for, since the integral domain covers only the low frequency range up to Zn.
Unfortunately, the recursive formula (10) expresses the variance of the response of the SDOF depend on the peak factor rs;p which, in turn, depends on the spectral moments of the PSD function of the SDOF system response, which is actually what is being solved and, therefore, is not known in advance. Thus, starting from the simplified spectral parameters defined in Eq. (4), an iterative process can be implemented until convergence is reached. In
Step 2, the ground motion PSD function G(Z) obtained in Step 1 is to be converted to a PSD function of the absolute acceleration at the specific location of interest within the structure, GFloor(Z). This conversion is achieved by means of the transfer function that relates, for a given linear system, the input and the output motions. In this work, the linear system is a FE representation of the structure and its foundation, the input motion is the ground motion, and the output motion is the motion at the locations within the structure where the floor response spectra are to be determined. The mathematical expression, for a completely unidirectional case, would be given by:
where Hij is the Transfer function under base motion along degree of freedom 'j', for degree of freedom 'i' at the location of interest. To derive the transfer function of complex 3D structures as the Tokamak Complex, the procedure is based on performing three harmonic analyses for a number of frequencies in the range of interest, in which a unit sinusoidal acceleration is imposed at the base of the model. Three harmonic analyses, based on modal superposition techniques (ANSYS), are required in order to cover the three directions in space.
Step 3 consists in the conversion of the absolute acceleration PSD density function at the location of interest, GFloor;I,j(Z), into a consistent floor response spectrum, SFloor;I,j(Z), which is the final goal of the work. In contrast to the context of the first step, the required data is now, theoretically, available beforehand, this is, the absolute acceleration PSD function at the location of interest, the transfer function for a SDOF oscillator, and the peak factor. Two sub-steps are required: First, the derivation of the PSD function for the response of a SDOF oscillator, with natural frequency Z, at the location of interest GFloor;I,j(Z). This is simply obtained by using the transfer function of a SDOF oscillator,
It is important to note that, for each location and direction, three different PSD functions of the response of a SDOF oscillator are obtained, each coming from a different direction of the ground motion excitation ('j' index). Second, the final determination of the floor response spectrum at a given location is carried out. The variance is obtained by direct integration of the floor PSD,
In the same way, the spectral parameters N and G can be obtained by using Eq. (3) and the peak factor
exp ln 2
Then the spectrum contribution for each response and loading direction be derived, 
Finally, the floor response spectra for the same location and direction, due to seismic motions in different directions must then be combined, taking into account that maximum responses should not be considered to occur simultaneously. In order to account for this effect, a simple SRSS rule is used for the computation of the final floor response spectrum.
INPUT DATA
The first input required is a characterization of the seismic ground motion by means of a (design) response spectrum. In this work, the seismic ground motion is described by the design response spectrum, as given in the ITER Load Specification (2013). For the ITER project there are two Design Spectra: the SMS and the Paleo, only the first is analysed in this work, see Figure 2 . Three artificial acceleration signals compatible with SMS spectra are provided too in the same figure. The second input is a deterministic structural model which can be used to obtain a set of transfer functions relating a harmonic motion at the base of the model with the resulting (harmonic) motion at some particular location within the structure. The FE model used in this paper corresponds to a preliminary version of the Tokamak Complex building developed by Idom (2010) . Figure 3 shows an overall view of the whole FE model representing the Tokamak Complex. The FE model has a total of 50342 nodes, plus an additional set of 4415 nodes that are defined in the dynamic version of the model for the implementation of the soil impedance. The number of elements according to their type is the following: x 3360 spring (COMBIN14) elements, mainly for the seismic isolators representation.
x 4122 beam (BEAM188 and BEAM44) elements.
x 47082 shell (SHELL43 and SHELL63) elements.
x 3477 Multi-Point Constraints. 
COMPUTATION OF FLOOR RESPONSE SPECTRA
The implementation of the direct spectrum-to-spectrum method, whose results are presented next, has been programmed in Matlab. In general, the points in which the FRS are computed are located at "rigid" joints (intersection between floor slabs with walls or columns). The 3-D analysis requires the definition of the action in three orthogonal directions. In this case, the SMS spectrum is applied for the horizontal ground motions (X and Y directions) as defined in Figure 3 , whereas for vertical ground motion (Z direction) this spectrum is scaled by a factor of 2/3. 26 different points were analysed by Idom (2010) , only one point is presented here, called point 23 which corresponds to an intersection between slab and column. Figure 4 presents the squared values of the transfer function obtained at this point. As expected, the most significant contributions are provided by the "diagonal terms", this is, when the response is computed in the same direction as that of the ground motion (as expected for base isolated buildings, Moussa, 2012) . The corresponding transfer functions in the horizontal directions (R1F1 and R2F2) present a clear peak in the frequency of the base isolation system (0.5 Hz), which clearly filters the effects of the ground motion in the horizontal direction. The "diagonal" transfer function in the vertical direction (R3F3) also presents a clearly defined peak around 6 -7 Hz. However, Figure 4 also reflect a significant contribution to the motion of point 23 along the global X direction for vertical ground motions (R1F3), with a clearly defined peak around, again, 6-7 Hz. It should be pointed out that the configuration selected for this methodology derivation is the one corresponding to the so-called alternative version (Idom, 2010) and that the frequencies associated to the peaks commented previously could vary for different properties of the soil and the seismic isolation pads.
To complete the description, a comparison between the FRS computed with the direct method and the equivalent FRS obtained by the traditional Time-history approach (Idom, 2010) comb1, comb2 and comb3. Figure 5 shows results obtained with the direct method using the SRSS combination rule. It can be seen a remarkable agreement with the traditional approach.
In general, for all points analysed (Idom, 2010) the maximum difference obtained for the peak values is 19% and 25% related to mean and envelope results, respectively. If the "mean error" is analysed in place of maximum, these differences are reduced to 9% and 18%, respectively. The standard deviation of the resulting errors is around 4-6%. The agreement is better around the 6-7 Hz peak, being the response slightly lower in the horizontal cases, around the first peak. It should be pointed out, however, that the spectral magnitudes obtained with the artificial acceleration signals are about 10% higher than the Design Response Spectrum on which the direct method calculations are based (see Figure 5) . The coincidence between the ZPA values is also extremely good. The results obtained with the direct method are very encouraging. However, to complete the comparison with traditional time-history analyses is necessary to contrast the computer demands, especially the time and the memory space required. The modal analysis is required for both calculations and the subroutines used for RS calculations and the direct method requires less than 10 minutes to finish with lower amount of data storage. Thus the differences must be found between the transient and harmonic analyses. For the example analysed in this work, no differences of time were found whereas the amount of data storage required by the 'modal+harmonic' analysis is about 80% of the required by the 'modal+transient' one. Thus, for the analysis of three signals it is not a noticeable advantage between both methods, only the amount of data storage required. However, in case of analysing more than three signals, the time required by the direct method is only increased by the required for the Matlab subroutines whereas the transient analysis must be completely repeated. In this case, the advantage of the Direct Method is more evident. It is important to note that the transfer function is always the same independently of the ground motion analysed.
SUMMARY AND CONCLUSIONS
In this paper, a direct method for determining Floor Response Spectra of linear structures has been applied in a 3D complex structure as the SIC Tokamak Complex building. The direct spectrum-to-spectra method is based in the treatment of the seismic action as a stochastic random process, representing the seismic action, in a statistical sense, by a Power Spectral Density (PSD) function. This PSD function defines the variance of the process and its frequency content. Basically, the method can be divided in 3 basic steps:
x
Step 1: Generation of a free field acceleration PSD function compatible with the Design Response Spectrum. x Step 2: Generation of the absolute acceleration PSD function at the locations of interest within the structure (by means of harmonic analysis). x Step 3: Determination of the final Floor Response Spectra. The FRS obtained by the Direct Method were compared with the FRS obtained by the traditional transient analysis showing good agreement. For the case analysed, the advantage of the direct method appears when it is necessary to analyse multiple signals (more than three). Although in this paper only three earthquakes related to SMS spectrum were analysed, in the ITER project it is necessary to analyse up to six earthquakes (SMS + PALEO). In this case, the time required and data storage can be reduced about 40%. Thus, the authors conclude that, for FRS calculations, the Direct Method is a valuable and interesting alternative to the traditional transient analysis.
